Deposition of reactive nitrogen derived from intensive agriculture and industrial processes is a major 12 threat to biodiversity and ecosystem services around the world; however our knowledge of the impacts 13 of nitrogen is restricted to a very limited range of organisms. Here we examine the response of groups 14 of microfauna (testate amoebae), mesofauna (enchytraeid worms) and plants to ammonium nitrate 15 application in the Ruabon heathland long-term experiment. Plant data showed significant differences 16 between treatments, particularly characterised by a loss of bryophytes in nitrogen-treated plots, by 17 contrast enchytraeids showed a non-significant increase in abundance in response to treatment. Testate 18 amoebae showed no significant changes in abundance or inferred biomass but significant changes in 19 community structure with a reduced abundance of Corythion dubium, interpreted as a response to the 20 loss of bryophytes. Our results suggest that simple indices of plant community may have value for 21 bioindication while the bioindication value of testate amoebae and enchytraeids is not clearly 22 demonstrated. 23
Since the first commercial application of the Haber-Bosch process in 1913 human production of 26 reactive nitrogen (N r ) has grown rapidly, with an increase of over 120% since 1970 [1] . N r deposition in 27 the absence of human activity is generally less than around 0.5 kg N ha −1 yr −1 , while in the United 28
Kingdom some areas currently receive deposition in excess of 40 kg N ha −1 yr −1 . These levels of nitrogen 29 deposition are sufficient to lead to a significant reduction in biodiversity [2, 3] and damage to ecosystem 30 services. Species-loss from ecosystems is driven by both eutrophication and acidification with the 31 relative contributions of these processes varying by habitat type. 32
Heathlands are a UK Biodiversity Action Plan priority habitat, covering over 2,000,000 ha of 33 upland Britain but in England and Wales their cover declined by an estimated 27% between 1947 and 34 1980 [6] . A critical load range of 10-20 kg N ha −1 yr −1 is exceeded in many heathland areas of the British 35
Isles with N deposition shown to reduce plant biodiversity, particularly marked by a loss of lichens and 36 bryophytes [7] . Large-scale ecological surveillance data shows a reduction in plant species richness along 37 the N deposition gradient even when accounting for other drivers [4] . Impacts of nitrogen on groups of 38 heathland organisms other than plants are however poorly documented. Here we examine the response 39 of plants and major groups of eukaryotic microorganisms and mesofauna in the same ecological 40 experiment and consider the possible inter-relations between these groups. Our study aims to provide a 41 broader understanding of the ecosystem-wide consequences of nitrogen pollution in heathlands and to 42 identify possible bioindication approaches. 43
The studied groups and their inter-relations 44
Testate amoebae are a group of eukaryotic microorganisms characterised by a solid shell (test) 45 which can constitute a very large proportion of microbial biomass in organic soils [8] and are likely to 46 have an important role in nutrient cycling [9, 10] To examine nitrogen-induced differences in testate amoeba community structure we use a non-127 parametric approach based on Bray-Curtis dissimilarity [47] , which has been shown to be a useful and 128 robust similarity coefficient for many ecological datasets [48, 49] . We use a non-metric multi 
RESULTS 140
The amoeba community of these plots was predominantly composed of generalist taxa which 141 are very abundant in soils with heavy dominance by Corythion dubium (36% all tests); other major taxa 142
included Assulina muscorum (12%), Cryptodifflugia oviformis (8%) and Nebela tincta type (8%)( Table 2) . 143
While most common genera were represented to some extent there was a particular predominance of 144 small taxa with filopodia. There was a significant difference in both Shannon (H) and Simpson (D) 145 diversity between samples from treated and untreated plots (nested-ANOVA F 1,32 =9.1, P=0.02 for H; An NMDS ordination shows the relation of the two sets of samples with a tendency for treated 154 samples to have higher x-coordinates than untreated samples but considerable overlap (Fig. 2, it should  155 be noted that the stress value is relatively high so it would be unwise to read too much into the fine 156 details of sample positioning). Initial analyses of similarity found no evidence for differences between 157 plots with the same treatment so simple one-way analyses of similarity were used in subsequent tests. 158
There was a significant difference between treated and control samples for amoeba community based 159 on the relative abundance of all tests but not for data based on concentrations, biomass or live 160 individuals only (P>0.05). Differences were relatively small but highly significant (R ANOSIM =0.12, P=0.002). 161
SIMPER identifies the greatest contributors as Corythion dubium, Cryptodifflugia oviformis and Assulina 162
muscorum. If Corythion dubium is removed from the relative abundance data the analysis loses 163 significance. If differences in abundance of the major taxa are tested individually there are significant 164 differences in relative abundance for only two taxa: C. dubium and A. muscorum, and no significant 165 differences in concentration for any taxa (Table 2) . 166
The community composition of enchytraeids showed little diversity; over 90% of the individuals 167 identified to species level were Cognettia sphagnetorum, with Mesenchytraeus sanguineous the most 168 abundant subordinate species. Given this heavy dominance by a single species only abundance of C. 169 sphagnetorum was used in data analysis. Number of individuals per core varied from 1 to 191 170 (mean=59). Numbers were highly variable both within cores from the same plots and between plots 171 with the same treatment. There was considerable change over time with populations of all plots 172 crashing in the summer of 2003. While there was a general trend of higher enchytraeid numbers in the 173 most heavily N-treated plots (Fig. 3) , there was no significant treatment, or time*treatment effect 174 (P>0.05), although the difference between control and 120N treatment (as considered by the testate 175 amoeba analyses) approached significance in post-hoc testing (Fishers LSD, P=0.06).
The plant data showed significant differences between treatments for bryophyte total touches 177 (nested-ANOVA F 3,280 =7.0 P=0.003) and cover (F 3,280 =11.5 P<0.001). In all treated plots bryophytes were 178 significantly less abundant than in control plots (P<0.001 in post-hoc testing with Tukey's HSD; Fig. 4 Aluminium concentrations in treated plots [32] . It is possible that C. dubium is being affected by these 208 changes, however there is no particular reason to suspect greater sensitivity in this taxon and there is no 209 evidence for change towards a more acidophilic community composition. A second hypothesis is that C. 210 dubium declines because of a reduced food supply due to a decline in abundance in lower microbial 211 groups. While microbial biomass has been shown to decline following N addition in some ecosystems, in 212 this heathland the available evidence suggests an increased bacterial and overall microbial biomass [54] . 213
While C. dubium might exhibit selective predation among prokaryotes and small protists it seems more 214 probable that the decline of C. dubium is not directly mediated by availability of prey organisms. A final 215 possibility is that the decline of this species is related to changes in the amoeba's environment through 216 changed plant communities (discussed below). Given how intimately linked plant and testate amoeba 217 communities are (section 1.1) it can be expected that significant plant community change would be 218 manifested in changed testate amoeba communities [14] . The known preference of C. dubium for 219 bryophytes and the demonstrable decline in bryophytes in these plots therefore strongly suggests that 220 testate amoebae are responding to the changed plant communities. Although the testate amoeba 221 samples were extracted four years after the plant data discussed below the changes demonstrated were 222 still highly apparent in 2009 with little bryophytes in any of the treated plots. 
Enchytraeid response 241
The enchytraeid data from plots treated for four years showed a general trend towards higher 242 abundance in treated plots but this was not statistically significant. The lack of a significant difference 243 between treatments may be largely explained by the very high spatial and temporal variability in 244 numbers (Fig. 3) . Particularly low numbers were found in the summer of 2003, probably due to the 245 severe drought of that year perhaps with vertical migration of enchytraeids to below the sampling zone 246
[56]. It is possible that with more replication a significant effect might have been identified but this was 247 not feasible without undue disturbance to the plots. The non-significant trend towards higher 248 Our data show a very marked nitrogen-induced decline in the bryophytes of these plots. This 261 decline is particularly apparent in the heaviest treated 120N plots where no bryophyte pin-touches were 262 recorded. The 120N treatment is very high; however even in the 20N plots, representing a more-263 frequently encountered pollution level, a decline in bryophyte cover is apparent and statistically 264 significant and Calluna height is increased. 265
Our results largely match those of a number of earlier studies from these plots (Table 1) 
CONCLUSIONS 284
Our results illustrate some of the less-considered consequences of nitrogen deposition in semi-285 natural ecosystems. For the first time we demonstrate that application of nitrogen alone has the 286 potential to modify community structure in an abundant but little studied group of soil protists, the 287 testate amoebae. By contrast our data do not provide evidence for the sensitivity of enchytraeid 288 abundance to nitrogen. While this negative result may partly be explained by the sampling intensity and 289 treatment period of this study it seems probable that other environmental controls are more important 290 than nitrogen. Plant communities respond strongly to nitrogen deposition and these changes may be 291 the cause of the testate amoebae changes. Plant community-based bioindication may therefore be both 292 sensitive to nitrogen deposition and represent changes in the broader ecosystem. 
